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Abstract

Background: Sports-related injuries are a significant concern among both recreational and competitive athletes,
often leading to pain, reduced physical function, and extended periods away from training or competition. Although
advances in musculoskeletal imaging have greatly improved the identification and evaluation of these injuries,
clinical care frequently lacks effective coordination between radiological assessment and physiotherapy. This
disconnect can limit personalized rehabilitation planning and make evidence-based return-to-sport decisions more
challenging. Objective: The purpose of this review is to examine the combined role of advanced radiological imaging
and contemporary physiotherapy in the diagnosis, evaluation, rehabilitation, and long-term management of sports
injuries. It also explores how integrating structural and quantitative imaging findings with functional physiotherapy
assessment can support individualized rehabilitation programmes and improve overall patient outcomes. Main
Body: This review summarizes current evidence on advanced imaging techniques used in sports medicine, including
magnetic resonance imaging (MRI), quantitative MRI methods such as T2 mapping, T1p mapping, diffusion tensor
imaging, and ultrashort echo time imaging, musculoskeletal ultrasonography with elastography, computed
tomography (CT), dual-energy CT (DECT), three-dimensional imaging, and artificial intelligence (Al)-based image
analysis. Their clinical value in detecting, grading, monitoring, and predicting recovery from injuries affecting
muscles, tendons, ligaments, cartilage, bone, and peripheral nerves is critically discussed. In addition, the review
highlights key physiotherapy assessment approaches, including pain assessment, patient-reported outcome
measures, joint range of motion, muscle strength and endurance evaluation, proprioception, balance, postural
stability, gait and biomechanical analysis, neuromuscular control, functional performance testing, and return-to-
sport assessment. Particular attention is given to the integration of imaging findings with functional rehabilitation
outcomes to guide treatment progression, monitor tissue healing, reduce the likelihood of reinjury, and support
optimal athletic performance. The review also discusses the growing contribution of radiomics, machine learning,
wearable sensor technology, digital rehabilitation platforms, tele-rehabilitation, and multimodal data integration
in advancing precision sports medicine. Conclusion: Bringing together advanced radiological imaging and evidence-
based physiotherapy offers a more comprehensive approach to sports injury management. Combining structural
information with functional assessment enhances diagnostic accuracy, supports individualized rehabilitation
planning, enables objective monitoring of recovery, and contributes to safer return-to-sport decisions. Future
research should focus on validating standardized imaging-guided rehabilitation protocols and promoting the
routine clinical use of quantitative imaging biomarkers to strengthen precision rehabilitation and improve long-
term outcomes for athletes.

Keywords: Sports injuries; Magnetic resonance imaging; Musculoskeletal ultrasonography; Quantitative
MRI; Physiotherapy; Rehabilitation; Artificial intelligence; Imaging biomarkers; Return-to-sport; Precision
sports medicine.

1. Introduction

The growing popularity of sports and recreational physical activities has encouraged people of all ages to adopt a more
active lifestyle. While regular exercise is widely recognized for its physical and mental health benefits, increased
participation has also contributed to a higher incidence of sports-related musculoskeletal injuries. These injuries
commonly affect muscles, tendons, ligaments, cartilage, bones, and peripheral nerves, and remain one of the leading
reasons for emergency department visits and orthopedic consultations worldwide (1). Regardless of the level of
participation, whether recreational, amateur, or professional, sports injuries can significantly reduce athletic
performance, interrupt training schedules, and impose considerable physical, psychological, and financial burdens.
Prolonged rehabilitation, increased healthcare costs, and the possibility of recurrent injuries further emphasize the
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ach to managing sports injuries

habilitation_sciences (2). Clinical
examination continues to be the foundation of musculoskeletal assessment; howe modern imaging techniques
now provide valuable information that extends beyond confirming a clinical diagnosis: High-resolution magnetic
resonance imaging (MRI), musculoskeletal ultrasonography (MSK-US), computed tomography (CT), dual-energy CT
(DECT), and emerging quantitative imaging techniques have greatly improved the visualization of soft tissues and
osseous structures. These imaging modalities allow clinicians to evaluate tissue morphology, determine the extent of
injury, identify inflammatory changes, and monitor healing, thereby improving diagnostic confidence and supporting
more informed clinical decisions (3).

Although imaging plays an indispensable role in diagnosing sports injuries, structural findings alone do not always
represent an athlete's functional recovery or readiness to return to competition. Imaging abnormalities may remain
visible even after symptoms have resolved, whereas some individuals continue to experience pain, weakness, or
functional limitations despite minimal structural changes. Therefore, relying exclusively on radiological findings may
result in delayed rehabilitation or, conversely, an early return to sport that increases the risk of reinjury. These
limitations highlight the importance of interpreting imaging results together with comprehensive clinical evaluation
and functional performance assessment (4).

Physiotherapy is a fundamental component of sports injury management throughout every stage of recovery, from
the acute phase to return-to-sport and long-term injury prevention. Contemporary rehabilitation extends beyond
symptom relief and focuses on restoring joint mobility, muscular strength, neuromuscular coordination,
proprioception, balance, movement quality, and sport-specific functional abilities. The use of standardized functional
assessments and patient-reported outcome measures enables clinicians to objectively monitor recovery and tailor
rehabilitation programmes according to the athlete's functional progress rather than depending solely on structural
healing observed on imaging (5).

In recent years, the concept of imaging-guided rehabilitation has gained increasing attention as a practical strategy
for linking radiological findings with functional recovery. Integrating imaging-derived biomarkers with physiotherapy
assessment provides a broader understanding of tissue healing, biomechanical function, and physical performance.
Such an approach supports individualized rehabilitation planning, facilitates objective monitoring of treatment
response, and assists clinicians in making evidence-based decisions regarding exercise progression and return to sport.
Furthermore, rapid developments in quantitative imaging, radiomics, artificial intelligence (Al), wearable sensor
technology, and digital rehabilitation platforms have expanded the scope of precision sports medicine by enabling the
integration of structural, functional, and biomechanical data into clinical decision-making (6).

Despite substantial progress in both imaging and rehabilitation, most published reviews have focused on these
disciplines independently. Studies that comprehensively examine the integration of radiological findings with
physiotherapy assessment remain relatively limited. Likewise, standardized clinical frameworks that translate imaging
biomarkers into rehabilitation planning and return-to-sport decisions are still evolving. Addressing these gaps is
essential for strengthening interdisciplinary collaboration among radiologists, physiotherapists, sports physicians,
orthopedic surgeons, and rehabilitation researchers, ultimately leading to improved patient care and clinical outcomes

(7).

Accordingly, this review critically examines current evidence regarding advanced imaging modalities used in sports
injuries and explores their integration with physiotherapy assessment throughout the rehabilitation process. It also
discusses the role of imaging-guided rehabilitation, emerging technologies, and multidisciplinary clinical pathways in
improving diagnostic accuracy, supporting personalized treatment strategies, monitoring tissue healing, reducing the
likelihood of reinjury, and facilitating safe return-to-sport decisions. By bringing together structural imaging and
functional rehabilitation perspectives, this review aims to provide an evidence-based framework for precision
rehabilitation in contemporary sports medicine (8).
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Graph 1.1: Shows the Anatomical Distribution of Sports-Related Musculoskeletal Injuries

2. Epidemiology and Burden of Sports Injuries

Sports injuries are one of the most common musculoskeletal problems affecting athletes and physically active
individuals across the world. With increasing participation in recreational activities, organized sports, and professional
competitions, the incidence of both acute traumatic injuries and chronic overuse disorders has risen steadily. These
injuries occur in athletes of all ages and skill levels, ranging from adolescents participating in school sports to elite and
master athletes. Besides causing pain and physical disability, sports injuries often reduce athletic performance,
interrupt training schedules, and delay return to competition. Epidemiological studies have consistently shown that
injury patterns differ according to the type of sport, athlete characteristics, competition level, and training exposure,
highlighting the importance of sport-specific injury prevention and rehabilitation strategies (9).

Among all sports-related injuries, those involving the lower extremities are the most frequently reported, with the
knee, ankle, thigh, and hip being particularly vulnerable. Injuries affecting muscles, tendons, and ligaments occur far
more commonly than fractures or joint dislocations, especially in sports that require sprinting, jumping, rapid
acceleration, sudden deceleration, and frequent directional changes. Muscle strains, ligament sprains, tendinopathies,
anterior cruciate ligament (ACL) tears, rotator cuff injuries, meniscal lesions, stress fractures, and cartilage damage
represent a large proportion of cases encountered in sports medicine practice. The pattern of injury also varies with
the nature of the sport; contact and collision sports are more likely to produce acute traumatic injuries, whereas
endurance-based activities are commonly associated with overuse injuries resulting from repetitive mechanical stress

(9).

The consequences of sports injuries extend well beyond structural damage to musculoskeletal tissues. Many athletes
experience prolonged functional limitations, reduced physical conditioning, psychological stress, and diminished
quality of life during recovery. Time away from training and competition can negatively influence athletic
performance, particularly among elite athletes, where even brief interruptions may affect team selection, competitive
ranking, and career progression. From a healthcare perspective, sports injuries contribute substantially to emergency
department visits, diagnostic imaging, surgical procedures, physiotherapy services, and long-term rehabilitation costs.
In addition, recurrent injuries remain a persistent challenge, particularly when return-to-sport decisions rely primarily
on symptom resolution rather than objective evidence of tissue healing and functional recovery (9).

The development of sports injuries is influenced by a complex interaction of intrinsic and extrinsic risk factors. Intrinsic
factorsinclude age, sex, previous injury history, muscle weakness, reduced flexibility, impaired neuromuscular control,
joint instability, anatomical variations, and genetic susceptibility. Extrinsic factors involve excessive training load,
inadequate recovery, improper equipment, unsuitable playing surfaces, environmental conditions, and sport-specific
biomechanical demands. Because these factors often interact rather than act independently, comprehensive
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Recent epidemiological investigations have further demonstrated considerable variation.in injury incidence across
different sporting events and athlete populations. Evidence from systematic reviews and meta-analyses indicates that
Paralympic athletes experience the highest injury rates, followed by participants in the Youth Olympic and Olympic
Games, with injury profiles differing according to the characteristics and physical demands of each sport. Similarly,
large-scale studies have reported substantial differences in the occurrence of hip and groin injuries across competitive
disciplines while consistently identifying lower-limb injuries as the leading cause of time lost from sports participation.
These findings emphasize the need for continuous injury surveillance, sport-specific prevention strategies, and
individualized clinical management (11).

Although modern imaging technologies have significantly improved the diagnosis and characterization of sports-
related injuries, optimal patient management requires more than accurate visualization of structural abnormalities.
Imaging findings should always be interpreted alongside clinical examination, functional assessment, biomechanical
analysis, and patient-reported outcomes to obtain a comprehensive understanding of an athlete's recovery status.
Integrating advanced radiological imaging with evidence-based physiotherapy enables clinicians to develop
personalized rehabilitation plans, monitor both tissue healing and functional improvement, minimize the risk of
recurrent injury, and make safer, evidence-informed return-to-sport decisions. This multidisciplinary approach has
become a fundamental principle of contemporary sports medicine (11).

3. Pathophysiology of Sports Injuries: Implications for Imaging and Rehabilitation
Sports injuries result from a complex interaction of biomechanical, physiological, and biochemical factors that disrupt
the normal structure and function of musculoskeletal tissues. Depending on the nature of the injury, these conditions
may occur as acute traumatic events caused by a single high-impact force or develop gradually as overuse injuries due
to repetitive mechanical loading that exceeds the tissue's capacity for adaptation and repair. Regardless of the
underlying cause, tissue damage initiates a coordinated sequence of inflammatory, cellular, and remodeling processes
that influence both the imaging appearance of the injury and its subsequent recovery. Therefore, a clear
understanding of tissue healing mechanisms is essential for accurate interpretation of radiological findings and for
planning effective, stage-specific physiotherapy interventions (12).

3.1 Muscle Injuries

Muscle injuries are among the most frequently encountered sports-related conditions, accounting for nearly one-third
to one-half of all athletic injuries. They are particularly common in sports involving sprinting, jumping, rapid
acceleration, and sudden changes in direction. Most muscle strains occur at the myotendinous junction, where
mechanical stress is greatest during forceful muscle contraction. These injuries are usually caused by excessive
eccentric loading or sudden overstretching, resulting in disruption of muscle fibers, intramuscular bleeding, edema,
and an acute inflammatory response (12).

Muscle healing is a dynamic process that occurs through three overlapping biological phases:

Inflammatory Phase (0-7 days): Immediately after injury, bleeding and hematoma formation occur, followed by
infiltration of inflammatory cells that remove damaged tissue and initiate the healing response.

Repair Phase (1-6 weeks): During this stage, satellite cells become activated and contribute to muscle fiber
regeneration, while fibroblasts produce collagen and extracellular matrix to restore tissue integrity.

Remodeling Phase (6 weeks to several months): Newly formed muscle fibers gradually mature, collagen fibers
reorganize, scar tissue contracts, and muscle strength progressively improves until functional recovery is achieved
(23).

Advanced imaging plays an important role throughout the healing process. Magnetic resonance imaging (MRI)
provides excellent soft-tissue contrast and accurately demonstrates muscle edema, fiber disruption, hematoma
formation, and scar tissue development. In contrast, musculoskeletal ultrasonography (MSK-US) offers real-time
dynamic evaluation of muscle fiber continuity, hematoma resolution, and muscle contraction during rehabilitation.
From a physiotherapy perspective, recognizing the stage of tissue healing is essential for selecting appropriate
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therapeutic interventions. Rehabilitation generally progresses from pain m
the acute stage to progressive strengthening, neuromuscular re-education, ply
functional training as healing advances (14).

t and protected mobility during
ises, and sport-specific

3.2 Tendon Injuries
Tendons play a critical role in transmitting muscular force to bone and are continuously subjected to repetitive tensile
loading during sporting activities. Unlike acute inflammatory tendon disorders, most chronic sports-related tendon
injuries are classified as tendinopathies, which primarily represent degenerative rather than inflammatory conditions.
These disorders are characterized by structural changes within the tendon, including collagen disorganization,
increased extracellular ground substance, neovascularization, and altered cellular activity, all of which contribute to
reduced mechanical strength and impaired function (15).

The principal histopathological features of tendinopathy include:

Disruption of the normal parallel collagen fiber arrangement.

Increased deposition of type Il collagen.

Hypercellularity.

Neovascularization.

Increased tendon thickness.

Reduced mechanical stiffness.

MRI and musculoskeletal ultrasound are highly effective in detecting tendon thickening, partial-thickness tears,
intratendinous degeneration, and surrounding inflammatory changes. In addition, ultrasound elastography provides
guantitative assessment of tendon stiffness, offering a valuable imaging biomarker for monitoring tissue healing
during rehabilitation (15).

Physiotherapy remains the cornerstone of tendinopathy management and primarily focuses on progressive
mechanical loading through eccentric, concentric, heavy slow resistance, and isometric exercise programmes. These
interventions promote collagen remodeling, improve tendon mechanical properties, and restore functional capacity.
Imaging findings are particularly useful in distinguishing chronic degenerative tendinopathy from partial tendon
rupture, thereby helping clinicians determine the appropriate rehabilitation intensity and expected recovery timeline
(16).

3.3 Ligament Injuries

Ligament injuries commonly occur when excessive tensile or rotational forces exceed the tissue's physiological limits.
Among athletes, the anterior cruciate ligament (ACL), medial collateral ligament (MCL), lateral ankle ligaments, and
ulnar collateral ligament (UCL) are the structures most frequently affected. Such injuries often result in joint instability,
pain, swelling, and impaired functional performance (17).

The healing of injured ligaments follows a sequential biological process involving inflammation, fibroblast
proliferation, collagen synthesis, angiogenesis, and tissue remodeling. However, regenerated ligament tissue rarely
regains the structural organization or biomechanical properties of the native ligament, making recurrent instability
and reinjury relatively common (17).

MRI continues to be the imaging modality of choice for evaluating ligament injuries because of its excellent soft-tissue
contrast and ability to demonstrate ligament continuity, edema, associated bone bruises, meniscal tears, cartilage
injuries, and other intra-articular abnormalities. These imaging findings complement physiotherapy assessment by
providing structural information that can be integrated with evaluation of joint stability, proprioception,
neuromuscular control, balance, and functional movement patterns (17).

Rehabilitation following ligament injury or surgical reconstruction is directed toward restoring joint range of motion,
improving quadriceps and hamstring strength, enhancing dynamic stability, re-establishing proprioceptive function,
and correcting movement mechanics while minimizing the risk of recurrent injury. Imaging also plays an important
role in monitoring graft maturation, identifying postoperative complications, and detecting associated intra-articular
pathology that may influence rehabilitation progression and return-to-sport decisions (17).
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3.4 Cartilage Injuries

injury. As a result, cartilage
iagnosed and managed

blood vessels and nerve supply, which severely limits its capacity for self-repair followin
damage often progresses slowly and may eventually compromise joint function if not
appropriately (18).

Cartilage injuries in athletes can arise from acute traumatic events, repetitive impact loading, or long-standing joint
instability. Regardless of the underlying cause, progressive degeneration is typically characterized by disruption of the
collagen network, depletion of proteoglycans, increased water content, and gradual thinning of the articular cartilage.
These structural and biochemical alterations impair the tissue's ability to withstand mechanical stress and increase
the risk of early degenerative joint disease (18).

Magnetic resonance imaging (MRI) plays a central role in evaluating cartilage integrity. Conventional MRI is highly
effective in identifying morphological defects, whereas advanced quantitative MRI techniques—including T2 mapping,
T1p mapping, delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), and ultrashort echo time (UTE) imaging—
can detect early biochemical changes before visible structural damage develops. These techniques provide valuable
insights into cartilage composition and may facilitate earlier diagnosis and more effective monitoring of disease
progression (18).

From a rehabilitation perspective, physiotherapy focuses on reducing excessive joint loading, improving lower-limb
biomechanics, strengthening the surrounding musculature, enhancing neuromuscular control, and preserving joint
function. Imaging-derived biomarkers can further assist clinicians in determining appropriate loading strategies,
monitoring tissue response to rehabilitation, and modifying treatment programmes according to the stage of cartilage
healing (18) .

3.5 Bone Stress Injuries

Bone is a metabolically active tissue that continuously undergoes remodeling in response to mechanical loading.
Under normal physiological conditions, bone resorption by osteoclasts is balanced by new bone formation through
osteoblastic activity. However, repetitive mechanical stress combined with inadequate recovery can disrupt this
balance, resulting in bone stress reactions that may eventually progress to stress fractures if loading continues (19).
Early diagnosis is essential for preventing progression of bone stress injuries. Magnetic resonance imaging (MRI) is
considered the imaging modality of choice because it can detect bone marrow edema and early stress-related changes
before cortical fractures become apparent on conventional radiographs. Computed tomography (CT) serves as a
complementary imaging technique, particularly for evaluating cortical bone integrity, defining fracture morphology,
and assessing fracture healing in selected clinical situations (19).

Rehabilitation primarily involves temporary reduction or modification of mechanical loading to allow adequate bone
recovery. As symptoms improve, patients gradually progress toward weight-bearing activities while addressing
underlying biomechanical abnormalities, optimizing nutritional status, and restoring physical conditioning. Serial
imaging plays an important role in monitoring the healing process and assists clinicians in determining the appropriate
timing for a safe return to high-impact sporting activities (19).

3.6 Peripheral Nerve Injuries

Although peripheral nerve injuries occur less frequently than injuries involving muscles, tendons, or ligaments, they
can significantly affect athletic performance and functional recovery. These injuries may result from direct trauma,
excessive traction, compression, or repetitive mechanical irritation during sports participation, leading to pain, muscle
weakness, sensory disturbances, and impaired motor function (20).

Advances in diagnostic imaging have considerably improved the evaluation of peripheral nerve disorders. High-
resolution musculoskeletal ultrasound enables dynamic visualization of nerve enlargement, edema, fibrosis, and
surrounding soft-tissue abnormalities, while MR neurography provides detailed assessment of nerve morphology and
adjacent anatomical structures. Together, these imaging modalities help identify the location and severity of nerve
injury and support clinical decision-making (20).
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Physiotherapy management focuses on restoring normal neural function through neural-mabilization techniques,
sensorimotor retraining, progressive strengthening exercises, functional re-education, and prevention of secondary
musculoskeletal complications. Combining imaging findings with clinical assessment enables rehabilitation
programmes to be tailored according to the extent of nerve involvement and the patient's functional deficits (21).

ANATOMICAL DISTRIBUTION OF SPORTS-
RELATED MUSCULOSKELETAL INJURIES

Muscle Ligament Tendon Cartilage Bone Stress Nerve

3]

Graph 3.1: Shows the Prevalence of Common Sports Injuries

4. Advanced Imaging Modalities in Sports Injuries

4.1 Role of Advanced Imaging in Sports Medicine

Accurate diagnosis forms the foundation of effective sports injury management and plays a crucial role in determining
appropriate treatment and rehabilitation strategies. Although a thorough clinical history and physical examination
remain essential components of patient assessment, medical imaging has become an integral part of modern sports
medicine (22). Beyond confirming the diagnosis, imaging helps determine the extent and severity of injury, identify
associated pathological changes, monitor tissue healing, and support evidence-based clinical decision-making
throughout the rehabilitation process. Increasingly, advanced imaging techniques are being used not only to visualize
structural abnormalities but also to provide objective imaging biomarkers that complement functional assessment
and facilitate personalized patient care (22).

The selection of an appropriate imaging modality depends on several factors, including the suspected pathology,
anatomical region involved, stage of injury, clinical objectives, and the availability of imaging resources. Conventional
radiography is generally the first imaging investigation for suspected fractures, joint dislocations, and other osseous
abnormalities because it is rapid, cost-effective, and widely accessible. However, its limited ability to visualize soft
tissues reduces its diagnostic value in evaluating injuries involving muscles, tendons, ligaments, cartilage, and
peripheral nerves (23).

Musculoskeletal ultrasonography (MSK-US) has become an increasingly valuable point-of-care imaging technique due
to its excellent spatial resolution for superficial soft tissues, real-time dynamic assessment, portability, and absence
of ionizing radiation. Ultrasound enables clinicians to assess tendon integrity, muscle architecture, ligament injuries,
joint effusions, and vascular changes while simultaneously correlating imaging findings with symptoms during
movement. Dynamic examination is particularly beneficial for identifying tendon subluxation, muscle contraction
abnormalities, and impingement syndromes that may not be evident on static imaging studies (24).
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ference standard for
evaluating most sports-related soft-tissue injuries. Its superior soft-tissue contrast pravides detailed visualization o

Among the available imaging modalities, magnetic resonance imaging (MRI)

muscles, tendons, ligaments, cartilage, menisci, bone marrow, and peripheral nerves out exposing patients to
ionizing radiation. In addition to conventional anatomical sequences, recent advances in quantitative MRI, including
T2 mapping, T1p mapping, diffusion tensor imaging (DTI), ultrashort echo time (UTE) imaging, and sodium MRI, have
enabled assessment of tissue composition and microstructural changes that often occur before visible structural
abnormalities develop. These techniques show considerable potential for early diagnosis, monitoring tissue repair,
and evaluating therapeutic response during rehabilitation (24).

Computed tomography (CT) continues to play an important role in the evaluation of complex fractures, cortical bone
abnormalities, stress fractures, and postoperative orthopedic assessment. When detailed visualization of cortical bone
is required, CT offers excellent spatial resolution. The introduction of dual-energy computed tomography (DECT) has
further expanded its applications by improving tissue characterization, facilitating detection of bone marrow edema
in selected clinical scenarios, enabling material decomposition, and reducing metal artifacts around orthopedic
implants, thereby enhancing postoperative image quality (25).

Recent technological advances have also introduced several innovative approaches that are reshaping sports imaging.
Techniques such as ultrasound elastography, radiomics, artificial intelligence (Al), and machine learning are shifting
medical imaging from a predominantly descriptive tool toward a quantitative and predictive discipline. Ultrasound
elastography provides objective measurements of tissue stiffness, whereas radiomics extracts numerous quantitative
imaging features that may reveal subtle tissue characteristics beyond visual interpretation (26). Al-based algorithms
have demonstrated promising performance in automated lesion detection, image segmentation, injury grading, and
prognostic prediction, with the potential to improve diagnostic consistency, reduce observer variability, and support
clinical decision-making (26).

Despite these remarkable advancements, imaging findings should always be interpreted within the broader clinical
context. Structural abnormalities detected on MRI or ultrasound may persist even after symptoms have resolved,
while some athletes continue to experience pain or functional deficits despite minimal radiological abnormalities.
Consequently, imaging should not be used as the sole determinant of recovery or return-to-sport readiness. Instead,
radiological findings should be integrated with physiotherapy assessment, including evaluation of joint range of
motion, muscle strength, neuromuscular control, proprioception, balance, movement quality, functional
performance, and patient-reported outcome measures. Combining structural imaging with functional assessment
provides a more comprehensive understanding of recovery, supports individualized rehabilitation planning, and
enables safer, evidence-based return-to-sport decisions (26).

Imaging Primary Clinical . T Rolein
. L Major Advantages Limitations .
Modality Applications J v g fmitati Physiotherapy
Determines
. Fract E Rapid, . ight-beari
Radiography (X- . fac “Tes . ap! . Poor soft-tissue weie (?arlng
dislocations, inexpensive, . L precautions
ray) . . . visualization
alignment widely available and fracture
healing
Real-time
MSK Ultrasound Tendons, muscles, Dynamlc: portable, Operator monlt.ormg
ligaments, bursae radiation-free dependent during

rehabilitation

MRI

Soft-tissue injuries,
cartilage, bone
marrow

Excellent soft-
tissue contrast

Higher cost,
longer scan time

Guides
rehabilitation
progression

868

Adolescencia e Saude, vol. 21, No.

3s, p. 861-884




based on tissue

Surgical
. . planning and
Complex fractures High spatial .. .
CcT P . ’ & p- lonizing radiation return-to-
cortical bone resolution .
loading
decisions
Bone marrow Assesses
Dual-Energy CT edema, Material Limited o
. . - o healing in
(DECT) postoperative differentiation availability
. . selected cases
imaging
I Cartilage, tendon Detects earl . Monitors
Quantitative ge ’ . any Specialized L
muscle biochemical biological
MRI . protocols .
microstructure changes tissue recovery
Evaluates
T . mechanical
Ultrasound Tendon and muscle Quantitative tissue Limited recover
Elastography stiffness assessment standardization . v
during
rehabilitation
Supports
Al and Automated diagnosis Objective image Requires personalized
Radiomics and prognosis analysis validation rehabilitation
planning
Table 4.1: Comparative Overview of Imaging Modalities Used in Sports Injuries
1. ATHLETE WITH 2. CLINICAL HISTORY + 3. SELECT APPROPRIATE IMAGING MODALITY
SUSPECTED SPORTS INJURY PHYSICAL EXAMINATION ULTRASOUND ‘ IMAGING
g | i
« Palpation & ] K type ofinjury
« Range of motion @ sson inerest
. Sl!eﬂgﬂ\!ﬂ!ng‘ J\s;f"'”: Availability
« Acute trauma / Overuse + Special tests ﬂ- - ; T comensst
o bl e « Neovscuo IJ‘ e e e
* Mechanismofinjry, e s A et acaie ® oo
sport, position

+ Previous injuries.

4. RADIOLOGICAL DIAGNOSIS
AND INJURY GRADING

« Charactarizsthe lesion |
+ Rssess severity/ extont . | information and
+ Wity sscocsted injris
+ Define injury grade

+ Bone lesions

« Postoperative evaluation
* Nerve injuries « Material docomposition
(oECT)

| Provides

5. PHYSIOTHERAPY
FUNCTIONAL ASSESSMENT

0Re® @

Musce  Balanced  Functionsd

N——— rms/v-s o Strangth  Proprioception  Performance |

6. INDIVIDUALIZED

REHABILITATION PROGRAMME

/'\\ /'\‘ ‘f\ /’\ 5 ‘-—»

Protocts  RestoroROM&  Strength  Newomuscular  Sport-Spocific
ControlPsin. Recuce Swellog  Enduance  Traning Trsiing

8. EVIDENCE-BASED

RETURN-TO-SPORT DECISION

MULTIDISCIPLINARY INTEGRATION

Progressive,
eriterion-
based and

patient-
contered
approach

= =
secovery tnd / re-injury risk |
- l.l.ll - = oarly detection 2\ and ensures |
— =&+ @+ O-@r=]
‘complications athletic
e m(:::..s; ‘:1’.:.‘;’:: o mmm ol um‘ 2 ’;m.:d’ ——— Bt R,ao\eg,m Phyw;:«;r:::; rSpothhyslcunl
Functon  Messures) ‘Accordingly Recovery toSport ‘

Adequate Hesing S Nutritionists « Psychologists

() Integration of advanced imaging and physiotherapy assessment enables accurate diagnosis, personalized rehabilitation, and safer return-to-sport

Figure 4.1: Imaging-Based Clinical Decision Pathway for Sports Injuries

4.2 Conventional Radiography (X-ray)

Conventional radiography (X-ray) remains the primary imaging investigation for the initial evaluation of acute sports-
related musculoskeletal injuries. Despite the growing availability of advanced cross-sectional imagi

ng techniques,
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In most clinical settings, radiography serves as the first diagnostic step, helping clinicians-identify significant skeletal
injuries and determine whether additional imaging studies are required (27). <

The diagnostic principle of conventional radiography is based on differences in X-ray attenuation among body tissues.
Dense cortical bone absorbs more X-rays and appears radiopaque, whereas soft tissues demonstrate relatively poor
contrast. Consequently, radiographs are highly sensitive for detecting cortical bone injuries but have limited ability to
directly visualize muscles, tendons, ligaments, cartilage, bone marrow, and other soft-tissue structures. Nevertheless,
indirect radiographic findings, including soft-tissue swelling, joint effusion, avulsion fragments, subtle cortical
irregularities, or alterations in joint alignment, may provide important clues to associated soft-tissue damage and
should always be interpreted in conjunction with clinical findings (27).

Within sports medicine, conventional radiography is routinely performed as the first-line imaging examination for
suspected fractures of the upper and lower limbs, shoulder dislocations, acromioclavicular joint injuries, patellar
instability, ankle trauma, stress fractures, and various chronic overuse conditions. Standard anteroposterior (AP) and
lateral projections are generally adequate for initial evaluation; however, additional projections such as oblique,
stress, weight-bearing, skyline (Merchant or Sunrise), or other specialized views may be required depending on the
injured anatomical region and clinical suspicion. For example, weight-bearing radiographs are particularly useful for
assessing lower-limb alignment and joint space narrowing, whereas skyline views improve visualization of the
patellofemoral joint in athletes presenting with anterior knee pain or recurrent patellar instability (27).

Although radiography remains an essential diagnostic tool, its limitations should be recognized. Many clinically
significant sports injuries, including early stress reactions, bone marrow edema, osteochondral lesions, cartilage
defects, ligament tears, meniscal injuries, muscle strains, and tendon abnormalities, may not be visible on plain
radiographs. Similarly, radiographic evidence of stress fractures often appears only after several weeks of symptom
onset (27). Therefore, a normal X-ray should not be considered sufficient to exclude significant injury when persistent
pain or abnormal clinical examination findings suggest underlying soft-tissue pathology. Under such circumstances,
advanced imaging techniques such as magnetic resonance imaging (MRI) or musculoskeletal ultrasonography (MSK-
US) are recommended to establish a more accurate diagnosis (27).

From a rehabilitation perspective, radiographic findings provide valuable information for planning physiotherapy and
determining appropriate loading progression. Confirmation of fracture stability, assessment of fracture union,
evaluation of postoperative implant position, and analysis of joint alignment directly influence decisions regarding
immobilization, protected weight-bearing, range-of-motion exercises, and the initiation of strengthening
programmes. Conversely, when radiographic findings fail to explain ongoing pain or functional impairment,
physiotherapists should communicate these concerns to the multidisciplinary team to facilitate further assessment
using advanced imaging rather than progressing rehabilitation solely on the basis of normal radiographic findings (28).
Radiography also plays an important role during follow-up by allowing clinicians to monitor fracture healing, callus
formation, maintenance of fracture reduction, implant integrity, and the development of complications such as
malunion, delayed union, nonunion, or heterotopic ossification. However, these structural findings should always be
interpreted together with functional outcomes, including pain levels, joint range of motion, muscle strength, gait
characteristics, and sport-specific performance, to ensure that radiological healing corresponds with meaningful
functional recovery (28).

Although conventional radiography cannot directly evaluate most soft-tissue injuries, it remains an indispensable
component of the diagnostic pathway in sports medicine. Its ability to rapidly identify injuries requiring urgent
orthopedic management and guide the selection of appropriate advanced imaging makes it an essential first-line
investigation. Rather than functioning as an isolated diagnostic modality, radiography should be incorporated into an
integrated imaging strategy that combines structural assessment with clinical evaluation and physiotherapy to support
multidisciplinary decision-making and individualized rehabilitation (28).
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Table 4.2: Clinical Applications of Conventional Radiography in Sports Injuries

4.3 Musculoskeletal Ultrasonography

Musculoskeletal ultrasonography (MSK-US) has become one of the most valuable imaging techniques in modern
sports medicine because it provides high-resolution, real-time visualization of superficial musculoskeletal structures.
Unlike conventional radiography, which primarily evaluates bony anatomy, ultrasound allows detailed examination of
muscles, tendons, ligaments, bursae, peripheral nerves, and joint recesses during both static and dynamic movements.
Its ability to perform imaging without ionizing radiation, combined with portability, relatively low cost, and point-of-
care accessibility, has made MSK-US an integral component of sports medicine clinics, rehabilitation facilities, and
sideline injury assessment (29).

Technological advancements have further enhanced the diagnostic capabilities of musculoskeletal ultrasound. The
introduction of high-frequency linear transducers (10-22 MHz), power Doppler imaging, superb microvascular imaging
(SM1), three-dimensional ultrasonography, shear-wave elastography, and artificial intelligence (Al)-assisted image
analysis has substantially improved image quality, diagnostic accuracy, and clinical utility. As a result, ultrasound has
evolved beyond its traditional diagnostic role and is now widely used for injury monitoring, rehabilitation planning,
and image-guided therapeutic procedures (29).

4.3.1 Principles of Musculoskeletal Ultrasound

Musculoskeletal ultrasound operates by transmitting high-frequency sound waves into biological tissues and recording
the echoes reflected from interfaces with different acoustic properties. These reflected signals are processed to
generate real-time grayscale images that depict the structural characteristics of musculoskeletal tissues (29).

Each tissue demonstrates a characteristic sonographic appearance. Cortical bone appears as a bright hyperechoic line
accompanied by posterior acoustic shadowing. Healthy tendons display a well-organized fibrillar echotexture, whereas
skeletal muscles exhibit a characteristic pennate pattern consisting of hypoechoic muscle fibers separated by
hyperechoic connective tissue septa. Ligaments appear as compact, parallel echogenic bands. Familiarity with these
normal sonographic patterns is essential for identifying structural abnormalities associated with sports injuries (30).

One of the greatest advantages of ultrasound is its ability to provide dynamic imaging. Structures can be examined
during active muscle contraction, passive joint movement, resisted motion, or sport-specific functional tasks. This real-
time capability distinguishes MSK-US from MRI and CT, which primarily provide static anatomical information (30).
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4.3.2 Clinical Applications in Sports Injuries

hematoma, edema, and loss of normal muscle fiber orientation. Tendon disorders, including tendinopathy, partial
tears, complete ruptures, and tenosynovitis, can be assessed by evaluating tendon thickness, echogenicity, fibrillar
organization, vascularity, and tendon movement during dynamic examination (30).

Similarly, ligament injuries involving the ankle, elbow, fingers, and superficial knee structures can be accurately
visualized. Dynamic stress examination further enables assessment of ligament integrity and joint stability under
physiological loading conditions. Ultrasound is also highly effective for diagnosing bursitis, joint effusions, synovitis,
peripheral nerve entrapment syndromes, and muscle herniation.

A major strength of MSK-US is its ability to reproduce patient symptoms while simultaneously observing tissue
movement. Conditions such as tendon subluxation, snapping hip syndrome, shoulder impingement, peroneal tendon
instability, and fascial defects often become apparent only during movement and may be overlooked on static imaging
modalities (30).

4.3.3 Doppler Imaging and Vascular Assessment

Color Doppler and Power Doppler imaging provide valuable information regarding tissue vascularity and inflammatory
activity. Increased Doppler signals are commonly observed in chronic tendinopathy, synovitis, and other active
inflammatory conditions due to the development of neovascularization (31).

Although Doppler findings should always be interpreted alongside clinical examination and structural imaging, they
can help distinguish active inflammatory pathology from chronic degenerative changes. Doppler assessment also
serves as a useful tool for monitoring tissue response during rehabilitation and evaluating the effectiveness of
regenerative or biological treatment approaches (31).

4.3.4 Ultrasound Elastography

Ultrasound elastography represents one of the most significant innovations in musculoskeletal imaging by enabling
guantitative assessment of tissue stiffness. Unlike conventional B-mode ultrasound, elastography provides
biomechanical information that reflects the mechanical properties of muscles, tendons, and ligaments (32).

Currently, two principal elastographic techniques are widely used:

a) Strain Elastography (SE):
Measures relative tissue deformation following externally applied compression and provides qualitative or semi-
quantitative information regarding tissue elasticity.

b) Shear-Wave Elastography (SWE):
Measures shear-wave propagation velocity to provide objective and quantitative measurements of tissue stiffness.

In sports medicine, elastography has shown considerable potential for assessing tendon degeneration, muscle
stiffness, ligament healing, scar maturation, and tissue recovery throughout rehabilitation. Progressive normalization
of tissue stiffness may serve as an objective imaging biomarker that complements clinical assessment and assists
clinicians in determining rehabilitation progression (32).

4.3.5 Ultrasound-Guided Interventions
Beyond diagnosis, musculoskeletal ultrasound is increasingly utilized to guide minimally invasive therapeutic
procedures. Real-time visualization of the needle enhances procedural accuracy while reducing the risk of injury to
adjacent neurovascular structures (33).

Common ultrasound-guided procedures include:

872

Adolescencia e Saude, vol. 21, No. 3s, p. 861-884



Aspiration of joint or bursal fluid.
Corticosteroid injections.
Platelet-rich plasma (PRP) injections.
Prolotherapy.

Percutaneous tenotomy.

These image-guided interventions are frequently combined with structured physiotherapy programmes, allowing
biological treatment and functional rehabilitation to progress simultaneously while improving treatment precision
(33).

4.3.6 Integration with Physiotherapy Assessment

Among currently available imaging modalities, musculoskeletal ultrasound demonstrates one of the strongest
relationships with physiotherapy practice because it allows clinicians to observe tissue behavior during movement in
real time. Unlike MRI or CT, ultrasound enables simultaneous correlation of structural abnormalities with functional
performance, providing valuable information during rehabilitation (34).

Throughout the rehabilitation process, ultrasound may be used to assess:

Muscle activation during therapeutic exercises.
Tendon gliding throughout movement.
Dynamic ligament stability.

Scar tissue remodeling.

Neuromuscular retraining.

Biofeedback for activation of deep stabilizing muscles such as the transversus abdominis and multifidus. Real-time
monitoring of exercise technique and movement quality.

This immediate visual feedback enhances patient understanding, improves motor learning, increases treatment
adherence, and enables physiotherapists to modify rehabilitation programs according to both structural healing and
functional performance.

Serial ultrasound examinations also provide an objective method for monitoring tissue recovery over time. When
integrated with pain assessment, range of motion, muscle strength testing, balance evaluation, biomechanical
analysis, and functional performance measures, ultrasound contributes to individualized rehabilitation planning and
supports safer return-to-sport decisions (34).

4.3.7 Advantages and Limitations

Musculoskeletal ultrasound offers several important advantages, including dynamic imaging capability, portability,
affordability, absence of ionizing radiation, and excellent spatial resolution for superficial soft tissues. These
characteristics make it particularly suitable for point-of-care assessment and repeated follow-up examinations during
rehabilitation (34).

However, ultrasound also has recognized limitations. Image quality and diagnostic accuracy are highly dependent on
operator expertise, patient body habitus, tissue depth, and the availability of an adequate acoustic window. In
addition, deep intra-articular structures, bone marrow abnormalities, cartilage lesions, and complex internal joint
derangements are more accurately evaluated with MRI (35).

Therefore, musculoskeletal ultrasound should be viewed as a complementary rather than a replacement imaging
modality. When integrated with MRI, clinical examination, and physiotherapy assessment within a multidisciplinary
sports medicine framework, MSK-US provides valuable structural and functional information that enhances diagnostic
accuracy, guides rehabilitation, and supports evidence-based clinical decision-making (35).
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Table 4.3: Clinical Applications of Musculoskeletal Ultrasound in Sports Medicine
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Figure 4.3: Integration of Musculoskeletal Ultrasound with Physiotherapy Rehabilitation

4.4.3 Quantitative Magnetic Resonance Imaging (qMRI)

Conventional MRI provides excellent morphological information; however, it may not adequately detect early
biochemical changes or objectively monitor tissue healing during rehabilitation. Quantitative magnetic resonance
imaging (gMRI) overcomes these limitations by generating objective imaging biomarkers that reflect tissue
composition and microstructural integrity. These techniques facilitate early diagnosis, assessment of tissue repair, and
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individualized rehabilitation planning, making them increasingly valuable in ion sports medicine (36).
T2 Mapping
T2 mapping quantifies T2 relaxation times, which are influenced by tissue water content*and collagen organization.
Elevated T2 values are commonly associated with edema, muscle injury, tendon degeneration, and early cartilage
damage. During rehabilitation, serial T2 mapping may provide an objective measure of tissue healing and can be
interpreted alongside functional assessments such as muscle strength and range of motion (36).

T1p Mapping

T1p mapping is highly sensitive to proteoglycan content and is particularly useful for detecting early cartilage
degeneration before morphological changes become apparent on conventional MRI. This technique has shown
promise in monitoring cartilage health following sports injuries and may assist clinicians in optimizing rehabilitation
strategies aimed at protecting joint integrity (36).

Diffusion Tensor Imaging (DTI)

Diffusion Tensor Imaging evaluates the directional diffusion of water molecules within muscle and nerve tissues.
Parameters such as fractional anisotropy and mean diffusivity provide insight into muscle fiber integrity, regeneration,
and peripheral nerve recovery. DTI may complement physiotherapy by objectively monitoring tissue repair during
rehabilitation (36).

Ultrashort Echo Time (UTE) Imaging

UTE imaging enables visualization of tissues with very short T2 relaxation times, including tendons, ligaments, menisci,
and cortical bone, which are poorly assessed using conventional MRI. This technique improves the detection of early
collagen disruption and may facilitate more accurate monitoring of tendon and ligament healing (36).

Clinical Relevance to Physiotherapy

The integration of gMRI biomarkers with physiotherapy assessment offers a more comprehensive evaluation of
recovery by combining structural tissue healing with functional performance. Rather than relying solely on symptom
resolution, clinicians can integrate imaging findings with strength, balance, proprioception, and sport-specific
functional tests to individualize rehabilitation progression and support evidence-based return-to-sport decisions (37).

Technique Primary Application Physiotherapy Relevance
. Muscle edema, cartilage Monitors tissue healing and rehabilitation
T2 Mapping .
degeneration progress
Tip Early cartilage degeneration Guides joint-loading strategies
Mapping y g g J g g
DTI Muscle and nerve integrity Assesses neuromuscular recovery
. . . Evaluates collagen-rich tissues durin
UTE Imaging Tendons, ligaments, cortical bone & A 8
rehabilitation

Table 4.4: Quantitative MRI Techniques in Sports Injury Assessment (37)

4.5 Computed Tomography (CT) and Dual-Energy CT (DECT)

Computed tomography (CT) plays an important role in sports medicine, particularly for evaluating complex fractures,
cortical bone injuries, stress fractures, and postoperative complications. Compared with conventional radiography, CT
provides superior spatial resolution and multiplanar as well as three-dimensional reconstructions, allowing accurate
assessment of fracture morphology and surgical planning. Although MRI remains the preferred modality for soft-tissue
injuries, CT is often the imaging technique of choice when detailed osseous evaluation is required (38).

Dual-Energy Computed Tomography (DECT) has further expanded the role of CT by enabling material differentiation
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and improved tissue characterization. In sports injuries, DECT can detect bo
following orthopedic surgery, and improve the assessment of subtle fractures t
CT. These advantages are particularly valuable for athletes requiring rapid diagnosis

w edema, reduce metal artifacts
parent on standard
d early treatment.

From a rehabilitation perspective, CT findings assist physiotherapists in determining fracture stability, monitoring bone
healing, and planning safe progression of weight-bearing and strengthening exercises. However, because CT has
limited soft-tissue contrast and involves ionizing radiation, it should be used selectively and interpreted alongside
clinical findings and, where appropriate, MRI or ultrasound (38).

Modality Primary Applications Advantages Rehabilitation Relevance

Complex fractures, cortical . Guides fracture

L . Excellent bone detail, I .

CcT bone injuries, postoperative . rehabilitation and weight-

. 3D reconstruction . .

evaluation bearing progression
Bone marrow edema, occult L L L
. Material differentiation, Supports monitoring of
DECT fractures, postoperative . . .

imaging metal artifact reduction bone healing and recovery

Table 4. 5: Clinical Applications of CT and DECT in Sports Injuries (38)

4.6 Artificial Intelligence (Al) and Radiomics in Sports Imaging

Artificial intelligence (Al) and radiomics are transforming sports imaging by enabling automated image interpretation,
guantitative tissue analysis, and predictive clinical decision-making. Al algorithms, particularly those based on deep
learning, can assist in detecting musculoskeletal injuries, segmenting anatomical structures, grading injury severity,
and reducing reporting time, thereby improving diagnostic efficiency and consistency (39).

Radiomics complements conventional image interpretation by extracting large numbers of quantitative imaging
features that reflect tissue heterogeneity and microstructural changes beyond visual assessment. These imaging

biomarkers have shown potential in predicting injury severity, monitoring tissue healing, and estimating the risk of
recurrent injury (39).

The integration of Al-derived imaging biomarkers with physiotherapy assessments—including muscle strength, range
of motion, gait analysis, balance, and functional performance—supports a more personalized rehabilitation approach.
Furthermore, combining imaging data with wearable sensors and digital health technologies may facilitate continuous
monitoring of recovery and evidence-based return-to-sport decisions (39).

Technology Clinical Application Potential Benefits
Artificial Automated injury detection Faster and more consistent
Intelligence and grading diagnosis
. Quantitative image feature Predicts tissue healing and injury
Radiomics . -
analysis severity

Image segmentation and

Deep Learnin g
P g pattern recognition

Improves diagnostic accuracy

Machine . Supports personalized rehabilitation
. Outcome prediction )
Learning planning
Wearable Real-time movement Enhances rehabilitation and return-
Integration monitoring to-sport assessment

Table 4.6: Emerging Al Applications in Sports Imaging (39)
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5. Physiotherapy Assessment in Sports Injuries
Physiotherapy assessment is a key element of sports injury management because it.evaluates e's functional
status, movement efficiency, and recovery potential beyond what can be identified threugh imaging alone. Although
radiological investigations accurately define the location, extent, and severity of structural damage, they provide
limited information regarding functional performance and an athlete's ability to safely resume sporting activities.
Physiotherapy bridges this gap by assessing the physical consequences of injury and identifying impairments that
influence rehabilitation outcomes. Consequently, combining radiological findings with functional evaluation offers a
more comprehensive understanding of injury severity and recovery status (40).

A detailed physiotherapy assessment involves multiple components that collectively evaluate an athlete's physical
performance and functional limitations. These include pain assessment, measurement of joint range of motion (ROM),
evaluation of muscle strength and endurance, proprioceptive function, balance and postural stability, gait and
biomechanical analysis, neuromuscular control, and sport-specific functional performance testing. In addition to
objective clinical examination, patient-reported outcome measures (PROMs) provide valuable information regarding
symptoms, daily function, and health-related quality of life. Commonly used outcome measures include the
International Knee Documentation Committee (IKDC) score, the Knee Injury and Osteoarthritis Outcome Score
(KOOS), and the Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire, all of which help clinicians monitor
patient progress and evaluate treatment effectiveness (40).

The information obtained during physiotherapy assessment complements radiological imaging by determining
whether structural healing is accompanied by meaningful functional recovery. An athlete may demonstrate
satisfactory tissue healing on imaging while still exhibiting deficits in muscle strength, coordination, balance,
movement quality, or neuromuscular control, all of which may increase the likelihood of reinjury if return-to-sport
occurs prematurely. Conversely, residual abnormalities observed on MRI or ultrasound do not necessarily indicate
incomplete recovery or justify delaying rehabilitation when functional improvement is progressing appropriately.
Therefore, rehabilitation decisions should be based on an integrated interpretation of imaging findings, clinical
examination, and functional performance rather than relying on structural imaging alone (40).

Integrating physiotherapy assessment with advanced imaging promotes a more individualized rehabilitation approach
by enabling clinicians to monitor both biological tissue healing and restoration of physical function simultaneously.
This multidisciplinary strategy supports appropriate exercise progression, optimizes rehabilitation outcomes,
minimizes the risk of recurrent injury, and facilitates safer, evidence-based return-to-sport decisions. As sports
medicine continues to evolve toward precision rehabilitation, the combined use of radiological imaging and
comprehensive functional assessment has become essential for delivering patient-centered care and improving long-
term athletic performance (40).

Assessment Component Clinical Purpose Examples

Monitor symptoms and

Pain Assessment VAS, NPRS
treatment response
Range of Motion (ROM) Assess joint mobility Goniometry
£ -
Muscle Strength valuate muscle Manual Muscle Testing,
performance Hand-held Dynamometry

. . . e Single-leg stance, Y-Balance
Balance & Proprioception Assess joint stability g &

Test
D - -
Functional Performance etermine r.efaldlness for Hop Tests, Agility Tests
activity
Patient-Reported Outcome Evaluate perceived
IKDC, KOOS, DASH
Measures (PROMs) function and quality of life ! !
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The integration of radiological imaging with physiotherapy assessment is essential for comprehensive sports injury
management. While imaging provides detailed information regarding the location, severity, and biological status of
tissue injury, physiotherapy evaluates the resulting functional deficits, movement quality, and readiness for
rehabilitation. Neither approach alone provides a complete understanding of an athlete's recovery; therefore,
combining structural and functional assessment facilitates more informed clinical decision-making (41).

Advanced imaging modalities such as MRI, musculoskeletal ultrasound, and CT enable accurate diagnosis and
monitoring of tissue healing. However, imaging findings should always be interpreted alongside physiotherapy
outcomes, including pain levels, range of motion, muscle strength, proprioception, balance, gait analysis, and sport-
specific functional performance. This integrated approach ensures that rehabilitation progression is based on both
biological healing and functional recovery rather than imaging findings or clinical symptoms alone (41).

Throughout the rehabilitation process, serial clinical assessment supported by appropriate imaging can identify
delayed healing, persistent functional deficits, or potential risk factors for reinjury. Such multidisciplinary evaluation
allows rehabilitation programmes to be individualized, optimizes exercise progression, and supports objective return-
to-sport decisions.

Imaging Finding P:::::t::::“:y Clinical Decision

Muscle edema Muscle strength, ROM Progressive strengthening

Tendon healing Pain, loading tolerance Gradual loading programme
Balance,

Ligament injury Neuromuscular rehabilitation

proprioception

Gait analysis,

. Activity modification
functional tests ¥

Cartilage lesion

Weight-bearing

Progressive return to activity
assessment

Bone healing

Table 6.1: Imaging-Guided Rehabilitation and Return-to-Sport

Imaging-guided rehabilitation combines radiological findings with functional physiotherapy assessment to optimize
recovery and facilitate safe return-to-sport. Rather than relying solely on symptom resolution or imaging findings,
rehabilitation decisions should be based on the combined evaluation of tissue healing, pain, muscle strength, range
of motion, neuromuscular control, and sport-specific functional performance. This integrated approach enables
individualized rehabilitation, minimizes premature return to activity, and reduces the risk of recurrent injury (41).

The rehabilitation process typically progresses through sequential phases, beginning with pain control and tissue
protection, followed by restoration of joint mobility, progressive strengthening, neuromuscular training, sport-specific
conditioning, and finally return-to-sport. Imaging modalities such as MRl and musculoskeletal ultrasound can be used,
when clinically indicated, to monitor tissue healing, evaluate treatment response, and identify complications that may
require modification of rehabilitation protocols (41).

Return-to-sport decisions should not rely on imaging alone, as structural healing does not always correspond with
functional recovery. Instead, imaging findings should be integrated with objective functional criteria, including muscle
strength symmetry, balance, agility, endurance, movement quality, psychological readiness, and sport-specific
performance tests. A multidisciplinary approach involving radiologists, physiotherapists, sports physicians, orthopedic

878

Adolescencia e Saude, vol. 21, No. 3s, p. 861-884



surgeons, and athletic trainers provides the most reliable framework for sa

-to-play (41).

Rehabilitation
Phase

Imaging Role

Physiotherapy Focus

Acute Phase

Confirm injury and grade severity

Pain management, protection, edema

control

Recovery Phase

Monitor tissue healing (if indicated)

Restore ROM, flexibility, progressive
strengthening

Functional Phase

Assess structural recovery when
required

Balance, proprioception, neuromuscular

training

Sport-Specific
Phase

Evaluate healing before high-load
activity

Agility, power, endurance, sport-specific

drills

Return-to-Sport

Support final clinical decision (when
indicated)

Functional testing and injury prevention
strategies

7. Discussion

Table 6.2: Imaging-Guided Rehabilitation Phases (41)

Key Focus

Major Findings

Research Gap / Clinical
Implication

Imaging during
the FIFA 2022
World Cup

MRI was the most frequently

used imaging modality, with
muscle and tendon injuries
accounting for the largest

proportion of diagnosed

injuries. Imaging played a

central role in diagnosis and

treatment planning.

Functional rehabilitation
outcomes were not
integrated with imaging
findings, highlighting the
need for multidisciplinary
management (42).

MRI and
ultrasound in
muscle injuries

MRI and ultrasound improve
injury grading, prognosis, and
return-to-play planning,
particularly for muscle injuries
in elite athletes.

Standardized imaging-
guided rehabilitation
protocols remain limited
(43).

Imaging of post-
traumatic knee
osteoarthritis

MRI detects early cartilage
changes more effectively than
radiography and may improve
long-term monitoring following

athletic knee injuries.

More longitudinal studies
are required to correlate
imaging biomarkers with
functional recovery (44).

Emerging
technologies for
sports injury
identification

Advanced imaging, biomarkers,
and wearable technologies
improve early injury detection
and support real-time
assessment.

Limited clinical validation
and lack of standardized
implementation pathways
(45).

Author
(Year) Study Type
B
ordalo Observational
et al. Stud
(2023) y
Heiss et Narrative
al. Review
(2025)
Fogarty Narrative
etal. Review
(2025)
Di
'eham Systematic
etal. Review
(2025)
Takac Narrative
(2025) Review

Emerging
rehabilitation
technologies

Al, wearable sensors, virtual
rehabilitation, and
biopsychosocial approaches

Stronger evidence is
needed to integrate these
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have significan
enhance rehabili
outcomes.

technologies into rou

MRI remains the gold standard

Dubey Multimodality . . . integration of radiological
. . . L for soft-tissue evaluation, while - )
etal. Review Article imaging in sports findings with
Lo CT and ultrasound complement .
(2025) injuries physiotherapy assessment

specific clinical indications. (47).

Table 7.1: Summary of Recent Literature on Advanced Imaging and Physiotherapy in Sports Injury Management

8. Current Challenges & Future Opportunities

Current Challenges Future Opportunities
Lack of standardized imaging-guided rehabilitation Development of evidence-based
protocols multidisciplinary guidelines

. Al-assi im nalysis an m
Variability in imaging interpretation assisted image analysis and automated

reporting
Limited correlation between structural healing and Integration of imaging biomarkers with
functional recovery physiotherapy outcomes

High cost and limited accessibility of advanced

. . Faster, cost-effective imaging technologies
imaging

Objective, data-driven return-to-sport

Subjective return-to-sport decisions .
algorithms

Prospective multicenter research and precision

Limited long-term outcome studies e
rehabilitation

Table 8.1: Current Challenges and Future Opportunities in Sports Injury Management (48)

9. Conclusion

Sports injuries require a comprehensive management approach that extends beyond accurate diagnosis to encompass
effective rehabilitation and safe return-to-sport. Although advances in radiological imaging have significantly
improved the detection and characterization of musculoskeletal injuries, structural findings alone cannot fully predict
functional recovery or athletic performance. Similarly, physiotherapy assessment provides valuable information on
movement quality, muscle function, and biomechanical deficits but should be interpreted alongside objective imaging
findings to achieve optimal clinical outcomes.

This review highlights the complementary roles of advanced imaging modalities, including MRI, quantitative MRI,
musculoskeletal ultrasonography, CT, DECT, and emerging artificial intelligence-based techniques, in conjunction with
evidence-based physiotherapy assessment and rehabilitation. Integrating imaging-derived biomarkers with functional
measures such as pain, range of motion, muscle strength, proprioception, balance, gait analysis, and sport-specific
performance enables clinicians to develop individualized rehabilitation programmes, monitor tissue healing more
accurately, and support objective return-to-sport decisions.

The growing application of quantitative imaging, radiomics, wearable technologies, and machine learning offers new
opportunities to transform sports injury management from a reactive approach to a predictive and personalized model
of care. However, the routine clinical implementation of these technologies requires standardized imaging protocols,
validated rehabilitation algorithms, and stronger multidisciplinary collaboration among radiologists, physiotherapists,

880

\ Limited discussion on

Adolescencia e Saude, vol. 21, No. 3s, p. 861-884



10.

11.

12.

13.

sports physicians, orthopedic surgeons, and sports scientists.

In conclusion, the integration of advanced radiological imaging with physiother
important step toward precision sports medicine. A multidisciplinary, imaging-guided rehabilitation framework has
the potential to improve diagnostic accuracy, optimize rehabilitation outcomes, reduce reinjury risk, and facilitate
safer return-to-sport. Future research should focus on validating imaging biomarkers, establishing standardized
clinical pathways, and evaluating their impact on long-term functional outcomes to support the widespread adoption
of evidence-based, patient-centered sports injury management.
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